Experimental realization of three-color entanglement at optical fiber communication and atomic 

storage wavelengths 



o 

(N 

< 



9* 



in 

(N 

od 
O 



X 



Xiaojun Jia, Zhihui Yan, Zhiyuan Duan, Xiaolong Su, Hai Wang, Changde Xie and Kunchi Pengr| 

State Key Laboratory of Quantum Optics and Quantum Optics Devices, 
Institute of Opto-EIectronics, Shanxi University, Taiyuan, 030006, People's Republic of China 

Multi-color entangled states of light including low-loss optical fiber transmission and atomic resonance fre- 
quencies are essential resources for future quantum information network. We present the experimental achieve- 
ment on the three-color entanglement generation at 852 nm, 1550 nm and 1440 rum wavelengths for optical 
continuous variables. The entanglement generation system consists of two cascaded non-degenerated optical 
parametric oscillators (NOPOs). The flexible selectivity of nonlinear crystals in the two NOPOs and the tunable 
property of NOPO provide large freedom for the frequency selection of three entangled optical beams, so the 
present system is possible to be developed as practical devices used for quantum information networks with 
atomic storage units and long fiber transmission lines. 

PACS numbers: 03.67.Bg, 03.67.Mn, 42.65.Yj, 42.50.Dv 



During the past twenty years the proof-of -principle demon- 
strations of various quantum information protocols have 
been experimentally achieved by utilizing the discrete- 
variable (DV) quantum states of single photons 01 H|] or the 
continuous-variable (CV) quantum states of optical modes 
JH0]. Toward practical applications in the real-world we have 
to establish quantum information networks (QINs) involving 
both light and matter atoms, where light is used for commu- 
nicating among distant nodes consisting of matter atoms fH]. 
The atomic systems in network nodes serve as the storages 
of quantum information. It is essential to prepare multi-color 
entangled states of light with fiber transmission and atomic 
transition frequencies for developing QIN. 

Non-degenerate optical parametric oscillators (NOPOs) 
above the threshold are the most successful devices for 
producing multi-color CV entangled optical beams in the 
achieved experiments of quantum optics if^j-TToh . It has been 
well-known that a pair of the output signal and idler optical 
modes from a NOPO below or above the threshold form a 
two-mode entangled state with the quantum correlations of 
both amplitude and phase quadratures and this type of entan- 
gled stats has been extensi vely applied in the experiments of 
CV quantum information IllUljI . Two-color entangled op- 
tical beams at different frequency regions have been experi- 
mentally prepared by means of above-threshold NOPOs with 
various pump lasers and nonlinear crystals 10,0, EH- Recent 
years, for satisfying the requirements of the developing QIN 
the generation schemes of multi-color (more than two colors) 
CV entangled states via intra-cavity nonlinear processes have 
been theoretically proposed Il7l42lll . In 2009, the first CV 
three-color entangled state was experimentally produced by 
an above-threshold NOPO at a low temperature of —23 °C 
lioll . The three entangled submodes in this experiment are the 
output signal, idler and reflected pump modes from a NOPO 
and their wavelengths are 1062.102 nm, 1066.915 nm and 
532.251 nm, respectively. For fitting special frequency re- 
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quirements of different physical systems in QINs, the gener- 
ation systems of multi-color entangled state with better fre- 
quency selectivity are desired. Cassemiro and Villar proposed 
a chain configuration of two NOPOs to prepare multi-color 
CV entangled, in which the pump field reflected by the first 
NOPO is used for the pump laser of the second NOPO lfl9tl . 
Since the pump lasers of the two NOPOs are the same, the 
frequency selectivity and versatility of the chain system are 
limited, sometimes. In 2010, the DV entangled state of triple 
photons at three different wavelengths of 848, 1590 and 1510 
nm are experimentally produced by a cascaded spontaneous 
parametric down-conversion process in two different nonlin- 
ear crystals I22I1 . Transferring the scheme producing three- 
color DV entangled photons to CV regime, our group pro- 
posed a generation system of CV three-color entangled opti- 
cal beams, in which two cascaded NOPOl and NOP02 are 
utilized I20I1 . One of the entangled signal and idler beams 
output from NOPOl, is used for the pump light of NOP02. 
The three-color entangled among signal and idler beams pro- 
duced by NOP02 and the retained another output beam from 
NOPOl, is theoretically demonstrated and optimal operation 
conditions of the cascaded NOPOs system are numerically 
calculated in Ref. I20I1 . Following the theoretical design we 
have achieved the experimental generation of three-color CV 
entangled state by using the cascaded NOPOs system for the 
first time. Through the special selections of the pump laser 
and the nonlinear crystals in the two NOPOs, the wavelength 
of one of the obtained three-color entangled beams is 852 nm 
which can be tuned to a transition frequency of Cesium atoms 
thus can be used for the storage of quantum information. The 
wavelengths of other two beams are 1550 nm matched for op- 
timal transmission in optical fibers and 1440 nm close to fiber 
window with quite low (although not optimal) transmission 
losses I23I1 . The produced three-color CV entangled states are 
suitable to be applied in the future quantum information net- 
works containing both atomic storage units and optical fiber 
communication. 

At first we briefly introduce the experimental principle. 
Fig.l is the principle schematic of the three-color entan- 
glement generation system, which consists of NOPOl and 
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FIG. 1: (Color online) The principle schematic of the three-color 
entanglement generation system. 



NOP02. The NOPOl is pumped by a laser (a ) to create 
a pair of intense optical beams (ai and a 2 ), the frequencies 
of which fulfill energy conservation uiq = u>\ + 0J2, where 
the subscripts j = 0, 1, 2 designate the pump beam and the 
two generated down-conversion optical beams, respectively. 
One of the generated optical beams (ai) drives the NOP02 
to achieve the cascaded intra-cavity optical parametric down- 
conversion and produce the output fields 03 (103) and 0,4 (uja), 
the frequency sum of which equals to ui (uh = ui 3 + UJ4). 
It has been theoretically proved in Ref. 12211 that the three 
final output light beams (a 2 , 03 and 04) originating from a 
single pump beam (cto) have strong intensity correlation. On 
the other hand, the frequency constraint among the three opti- 
cal modes translates into a constraint for the phase variations, 
so the phase fluctuations of the optical modes a\ and a 2 (03 
and 04) should be anti-correlated each other, the sum of their 
phase fluctuations should be correlated with the phase fluctu- 
ation of the pump field. The experimental criteria in terms of 
the variances of particular combinations of the amplitude and 
phase quadratures for testing genuine CV multipartite entan- 
glement among optical modes have been given by Loock and 
Furusawa 12411 . A set of the criterion inequalities for deter- 
mining the CV tripartite entanglement is expressed by: 



A, 



(S 2 (X 3 - Xi)) + (S 2 ( gi Y 2 + Y 3 + Y4,)) > 4, 
(S 2 (X 2 - X A )) + (S 2 (Y 2 + g 2 Y 3 + y 4 )) > 4, 
(6 2 {X 2 - X 3 )) + (S 2 (Y 2 + Y 3 + gsYi)) > 4. (1) 



Where, "4" is the boundary to verify the full inseparability of 
the genuine tripartite entanglement. The Xj and Yj (j = 2, 3, 
4) represent the amplitude quadratures and the phase quadra- 
tures of the resultant output modes a 2 , a 3 and 04, respectively. 
Each pairs of Xj and Yj satisfy the canonical commutation 
relation [X, , K,] = 2i. The gj (j ~ 1, 2, 3) are the parame- 
ter gain to maximally violate the inequalities. The theoretical 
analysis has demonstrated that if any two inequalities in the set 
of inequalities (1) are simultaneously violated the three opti- 
cal modes a 2 , a 3 and 04 are in a CV entangled state 1I20I, l24ll . 

The experimental setup is shown in Fig. 2. The coher- 
ent optical field at 795 nm from a continuous-wave Ti: Sap- 
phire laser (MBR110, Coherent Ltd.) is frequency-doubled 
by a second harmonic generator (SHG) to obtain the light at 
398 nm. The SHG has a ring cavity configuration consist- 
ing of two flat mirrors Ml and M2 as well as two concave 
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FIG. 2: (Color online) Schematic of the experimental setup. Laser: 
Ti: Sapphire laser; NOPO1-2: non-degenerate optical parametric 
oscillator; Mi-»: different mirror; BSi_s: different beam splitter 
(see context for detailed); HWP: half wave plate; FC: fiber coupler; 
PZTi_6: piezoelectric transducer; Di_6: high efficiency detector for 
different eavelength. 



mirrors M3 and M4 with 100-mm radius of curvature, and a 
nonlinear crystal PPKTP (Periodic Poled Potassium Titanyl 
Phosphate) is placed at the center between M3 and M4. The 
mirror Ml is utilized as the input coupler with the transmis- 
sivity of 11.8% at 795 nm and high reflectivity at 398 nm, 
the M4 is used for the output coupler with high reflectivity at 
795 nm and high transmissivity at 398 nm, and the other two 
mirrors M2 and M3 have high reflectivity at 795 nm. M3 is 
mounted on a piezoelectric transducer (PZT1) for scanning or 
locking actively the length of the optical cavity of SHG ac- 
cording to the need of the experiment. The 1*2*10 mm 3 
PPKTP crystal with dual-end anti-reflection at 795 nm and 
398 nm is temperature-controlled at 51 .07 °C to meet the op- 
timal matching condition for the frequency-doubling process. 
Both NOPOl and NOP02 are in a Fabre-Perot cavity configu- 
ration consisting of two concave mirrors with a 50-mm radius 
curvature (M5 and M6 for NOPOl, M7 and M8 for NOP02). 
For obtaining the desired frequencies two different nonlinear 
crystals are chosen respectively for the two NOPOs, which 
are 1 * 2 * 10 mm 3 PPKTP for NOPOl and 1 * 2 * 10 mm 3 
PPLN (periodically poled lithium niobate) for NOP02. The 
two nonlinear crystals are respectively placed inside an oven, 
the temperature of which can be well-controlled and tuned by 
an electronic temperature-controller with the precision of 0.01 
°C (YG-IIS-RA, Yuguang Ltd.). M5 (M7) is used for the in- 
put coupler of NOPOl (NOP02) with the transmissivity of 
30% (10%) at 398 nm (746 nm) and the high reflectivity at 
746 nm and 852 nm (1440 nm and 1550 nm). M6 (M8) 
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is utilized as the output coupler with the high reflectivity at 
398 nm (746 nm) and the transmissivity of 3.0% (4.0%) at 
746 nm and 852 nm (1440 nm and 1550 nm). M6 (M8) 
is mounted on PZT2 (PZT3) for scanning actively the cav- 
ity length of NOPOl (NOP02) or locking it on the resonance 
with the generated sub-harmonic modes as needed. The cavity 
length, the finesse and the threshold pump power for NOPOl 
(NOP02) are 101.5 mm (101.9 mm), 195 for 746 nm (149 
for 1550 nm) and 75 mW (4.5 mW), respectively. 

Three M-Z interferometers with unbalanced arm lengths 
are applied to measure the noise powers of the phase and 
the amplitude quadratures for the three resultant subharmonic 
modes at 852 nm (generate by NOPOl), 1440 nm and 1550 
nm (generated by NOP02) as well as to determine the corre- 
sponding quantum noise limits (QNLs) SHI. The three in- 
terferometers have the identical configuration, each of which 
consists of a polarizing-beam-splitter (PBS 1-3), two high re- 
flection mirrors and a 50/50 beam-splitter (BS3-5). A PZT 
(PZT4-6) is mounted on a reflection mirror of the interferom- 
eter for locking the relative phase between the long and the 
short arms of the unbalanced interferometer to the required 
value. The half-wave plate (HWP1-6) is used for aligning the 
polarization direction of the optical mode. Two polarization- 
preserved optical fibers with different lengths, in each end- 
face of which a fiber-coupler (FC) is attached, serve as the 
long and the short arms of the interferometer, respectively. 
The noise powers of the output optical beams from the in- 
terferometers are detected by the photo-diodes (D1-D6). It 
has been well-proved in Refs. J7[|25l] 5 when the input optical 
beams only passes through the short arm of the interferome- 
ter, the sum and the difference of the photo-currents detected 
by a pair of Dl and D2, (also D3 and D4, D5 and D6) are the 
noise power of the amplitude quadrature of the input beam 
and the corresponding QNL, respectively. If keeping the op- 
tical phase difference between the long and the short arms at 
7r/2+2fc7r (k is an integer) and splitting equally the input opti- 
cal beam in the two arms of the interferometer, the difference 
(sum) of the photo-currents detected by a pair of the detectors 
is the noise power of the phase quadrature of the input beam 
(corresponding QNL). On the other hand, for implementing 
the noise power measurement of an input optical beam at a 
specific noise sideband (/), the phase shift (6) of the spectral 
component at ft = 2irf between the two arms of the M-Z 
interferometer should be controlled at 9 = nilAL/c = it 
(AL is the length difference between the two arms; c is the 
speed of the light; n is the refraction index of the transmis- 
sion medium) I7I I25I l26ll . For our experiment, the measured 
noise sideband frequency is / = 2 MHz, so AL should be 48 
m. The noise powers measured simultaneously by the three 
M-Z interferometers are combined by the positive or nega- 
tive power combiners according to the requirements of Eqs 
(1) and then the combined correlations variances of the am- 
plitude and the phase quadratures are analyzed by a spectrum 
analyzer (not drawn in Fig. 2). 

During the experiment, we adjusted the temperature of the 
PPKTP crystal in the OPOl to 23.78 °C firstly to produce a 
pair of the signal at 852.35 nm and the idler at 746.64 nm, 
which were split by a beam splitter (BS1). The wavelength 
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FIG. 3: (Color online) The measured correlation variance of three- 
color entangled states at 2 MHz. a, (S 2 {X 3 -X 4 )), b, (S 2 (g° pt Y 2 + 
Yz + F 4 )), c, (S 2 (X 2 - X 4 )}, d, (S 2 (Y 2 + g° pt Y 3 + Y 4 )>, e, 
(S 2 (X 2 - X 3 )), I (5 2 (Y 2 + Y 3 + g° 3 pi Y 4 )}. (i) The QNL; (ii) The 
correlation noise power. The measurement parameters of SA: RBW 
30kHz; VBW 100Hz. 



of the signal beam was at a transition of the cesium atoms 
exactly. When the pump power at 398 nm is 118 mW, the 
power of the output subharmonic wave is 17 mW. Tuning the 
temperature of the PPLN in NOP02 to 154.0 °C, the wave- 
length of the signal and the idler output from the NOP02 were 
1550.60 nm and 1440.06 nm, which were split by a beam 
splitter (BS2). Under the pump power of 14.6 mW, the out- 
put power of the signal and the idler light from NOP02 was 
3.2 mW. 

The measured correlation variances of the noise powers of 
the amplitude and the phase quadratures among the three re- 
sultant optical beams at 852.35 nm, 1550.60 nm and 1440.06 
nm in term of Eqs. (1) are shown in Fig. 3 (a)-(f), where 
the traces (i) and the traces (ii) stand for the QNLs and 
the correlation variances, respectively. From Fig. 3 we 
have {S 2 (X 3 - X 4 )) = -4.1 ± O.ldB, (8 2 (g° pt Y 2 + Y 3 + 
Y 4 )) = -1.1 ± O.ldB, (5 2 {X 2 - X 3 )) = -3.2 ± O.ldB, 
(S 2 {Y 2 + g° pt Y 3 + Y 4 )) = -0.5 ± O.ldB, (5 2 {X 2 - X 4 )) = 
-3.2 ± O.ldB and (5 2 (Y 2 + Y 3 + g° pt Y 4 )) = -0.5 ± O.ldB. 
Where, the minus symbol before the first numbers in the right 
sides of these equalities means that the variances are below 
the corresponding QNL and g° pt (j = 1, 2, 3) stand for the 
optimal gain values of gj taken in the experiment for obtain- 
ing the highest correlations l24ll . The three combinations of 
the correlation variances in Eqs. (1) are Ai = 3.03 ± 0.06, 
A 2 = 3.68 ± 0.05 and A 3 = 3.68 ± 0.05 respectively and 
all of them are smaller than the criteria "4" for the CV three- 
partite entanglement of optical modes. Thus, the three-color 
CV entanglement is experimentally demonstrated. 

For exhibiting the tunable property of NOPO, we mea- 
sure the function of the wavelength of the output optical 
modes from NOP02 vs the temperature of the nonlinear crys- 
tal (Fig.4). When the temperature of PPLN is changed from 
130 °C to 160 °C the measured wavelength of the output sig- 
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FIG. 4: (Color online) Wavelengths of the output signal and idler 
beams from the NOP02 changing with the temperature of the PPLN 
crystal. The solid line is the calculated curve; A and ▼ are the mea- 
sured wavelengths of the signal and idler beams, respectively. 



nal beam (A) and idler beam (T) are changed from 1549.0 
nm and 1441.4 nm to 1550.9 nm and 1439.8 nm, respec- 
tively. The solid lines are theoretical fitting under the idea 
phase matching condition. The tuned wavelength range is 
about 1.9 nm for signal beam. If tuning the temperature of 
the PPKTP inside NOPOl the similar tunable property can 



also be observed. The quality of the three-color entanglement 
in the tuning range is almost the same. The good agreement 
between the experimental measurements and the theoretical 
calculations as well as the perfect linearity of the dependence 
of the output wavelength on the crystal temperature demon- 
strate that the NOPO is an idea device for generating the tun- 
able C V entangled states of light. 

For the conclusion, we achieve the experimental genera- 
tion of the three-color CV entangled states of optical modes at 
the cesium atomic transition and the optical fiber communica- 
tion frequencies. In the presented scheme with two cascaded 
NOPOs the reflected pump fields are not involved in the re- 
sultant entangled submodes, thus the influence of the larger 
phonon noise in the reflection light l27l l28ll is degraded. Us- 
ing this system, the entangled states can be prepared under 
normal phase-matching conditions without the need to cool 
the system below zero degree [10]. The free-selectivity of 
two nonlinear crystals in the two cascaded NOPOs and the 
tunable property of NOPO provide large ranges of frequency- 
selection for the three-color entanglement. If NOPOs more 
than two are cascaded the multi-color CV entangled states 
with needed frequencies more than three are able to be gener- 
ated based on the presented method. 
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